Escherichia coli occupies numerous habitats under a wide variety of conditions. In some habitats, E. coli cells are often exposed to a variety of rapidly changing conditions, which may include changes in pH, nutrient availability, temperature, oxidative stress, and osmolarity. Most bacteria, including E. coli, have a variety of stress response mechanisms that allow them to survive these changes. RpoS, a sigma factor that is a global regulator of gene expression, plays a particularly important role in the E. coli stress response (20) (21) (22) . Although stress responses allow E. coli to survive many changes in environmental conditions, over the long term, genetic adaptation, through natural selection of advantageous mutations, will lead to greater fitness in an altered environment.
In a rich medium, such as Luria-Bertani broth (LB), E. coli grown in aerated batch culture for several days at 37°C passes through five distinct phases (17, 39) . During exponential phase, which follows an initial lag phase, the population grows rapidly, doubling every 20 to 30 min. During this period of rapid growth, carbohydrates initially serve as the primary carbon and energy source but are quickly spent, and other nutrients, including peptides, amino acids, nucleic acids, nucleotides, and fatty acids, are utilized to sustain growth (7, 14, 29, 52) . As these remaining nutrients are depleted, the population enters stationary phase, during which little change is observed in the number of viable cells in the culture for 2 to 3 days. As the culture enters death phase, cell viability abruptly declines and approximately 99% of the cells die. Finally, during long-term stationary phase, there is a long period of slow decline in the remaining viable cell population (12, 13, 17, 18, 39) .
Two significant changes that occur in the medium during stationary phase may play important roles in the precipitous loss of viability that follows: the depletion of readily available nutrients and an increase in medium pH. During early exponential phase, as cells consume carbohydrates, acetate is released and the medium becomes acidic (27) . As the carbohydrate supply is exhausted, amino acid catabolism predominates and, as cells enter stationary phase, ammonia released into the medium causes it to become basic (29) . To survive under these conditions, cells must adapt to a high energy expenditure that is imposed on them by the need to actively acquire protons from the basic medium environment in order to maintain pH homeostasis in the cytoplasm (37) . Eventually, readily available nutrients are exhausted and the only nutrients available are those derived from the dead bacteria (52) . In order to scavenge nutrients from the bacterial debris, proteins, nucleic acids, and lipids must be broken down into their constituent parts, which imposes another large energy cost on the cell.
The rapid, stressful changes that occur in the medium during the first few days in culture place a heavy selective burden on the E. coli population. Given the mutation rate in batch culture, a large population should contain abundant genotypic diversity upon which selection can act, leading one to expect that E. coli can adapt quickly to significant sublethal changes in the local environment. Indeed, this phenomenon is observed when E. coli cells are incubated for several days in LB batch culture (15, 48, 49) . It has been shown that when E. coli cells that have been incubated for at least 10 days in LB batch culture are competed against E. coli cells that have been cultured for a single day, the bacteria from the older culture exhibit a significant fitness advantage and eventually take over the culture (49) . The increased fitness displayed by the older culture population is referred to as the growth advantage in stationary phase, or GASP, phenotype (13, 48, 49) . The first allele linked to the GASP phenotype, rpoS819, encoded an RpoS with attenuated activity (49) . RpoS is an important regulator of stationary-phase gene expression and also plays a key role in the general stress response of E. coli (21) . Attenuated RpoS activity has been shown to be a common early adaptation to the LB batch culture environment and typically confers a fitness advantage in competitions against wild-type cells in LB batch culture.
We determined the relative advantage rendered to E. coli by the wild-type or rpoS819 alleles under culture conditions in which either the available nutrients, the pH, or both had been manipulated. We determined that the rpoS819 allele confers a strong competitive fitness advantage under basic pH conditions, shows a reduced advantage under neutral conditions, and is disadvantageous under acidic conditions. Under basic conditions, rpoS819 exhibits its strongest advantage when amino acids are the primary source of nutrients. We have also found that the attenuated RpoS phenotype emerges during stationary phase in cultures grown in acidic, neutral, or alkaline media and that the variability, from culture to culture, in the proportion of the cells having this phenotype is greatest in acidic media and least in neutral media. Finally, competition assay results suggest that E. coli increases its relative fitness at a lower rate under neutral and acidic conditions than under basic ones.
To date, most studies of the GASP phenotype have focused on the attenuation of RpoS activity, which is the earliest adaptation to long-term LB batch culture that has been identified. This may have given the impression that a mutation in rpoS is always essential for GASP. As we show here, that is not the case. These studies also shed light on an apparent paradox concerning rpoS. Namely, if the reduction of RpoS activity is beneficial in terms of relative fitness, why would an E. coli cell carry the wild-type allele?
MATERIALS AND METHODS
Strains, media, and culture conditions. The bacterial strains used are listed in Table 1 and are derived from ZK126, a descendant of E. coli K-12 strain W3110 (8) . All experiments were performed at 37°C with aeration in a TC-7 rolling drum (New Brunswick Scientific, Edison, N.J.). LB broth Lennox (Difco) was prepared following the manufacturer's instructions. M63 minimal medium was prepared as described elsewhere (30) and was supplemented with 1 g of thiamine per ml, 1 mM MgSO 4 , and either 0.2% glucose or 0.2% Casamino Acids. pH (5.0, 7.0, or 9.0) of minimal medium was set by manipulating the concentrations of K 2 HPO 4 and KH 2 PO 4 . Total phosphate in the solution was the same regardless of pH. pH of the LB broth was set by adding morpholineethanesulfonic acid (pH 5.0), HEPES (pH 7.0), or N-tris(hydroxymethyl)methyl-3-aminopropane-sulfonic acid (TAPS) (pH 9.0) to 100 mM. Viable counts were determined by serial dilution with plating on either LB plates or, where appropriate, LB plates supplemented with streptomycin (25 g/ml) or nalidixic acid (20 g/ml). The limit of detection in all experiments was Ͻ1,000 CFU/ml, unless otherwise noted. All chemicals were obtained from Sigma-Aldrich (St. Louis, Mo.).
Preparation of heat-killed, conditioned media. LB cultures were inoculated from frozen glycerol stocks of either ZK1142 or ZK1143 into 6 ml of LB and grown at 37°C for either 5 or 10 days. To kill cells, cultures were then transferred to a shaking water bath and incubated for 2 h at 60°C. One milliliter of each culture was plated on LB agar containing either nalidixic acid (20 g/ml) or streptomycin (25 g/ml) . No viable counts were seen in any heat-killed culture. Neutral pH heat-killed medium was buffered with 100 mM HEPES.
Construction of bolA::lacZ strains. Strains SF2054, SF2055, SF2056, and SF2057 were created by P1vir transduction of the -bolA::lacZ-Kan r fusion in strain ZK918, a lambda lysogen (3) . Transduced E. coli cells were plated on MacConkey plates containing kanamycin (50 g/ml). Kanamycin-resistant transductants of ZK1142 and ZK1143 that yielded red colonies or of ZK819 and ZK820 that yielded pink colonies were streaked onto MacConkey plates. Single colonies were selected and grown overnight at 37°C in LB containing kanamycin (50 g/ml) and nalidixic acid (20 g/ml) or streptomycin (25 g/ml), as appropriate.
Assays for attenuated rpoS activity. For plate assays of RpoS activity of E. coli cells containing the -bolA::lacZ gene fusion construct, each culture was sampled, appropriately diluted, and then spread onto MacConkey plates. Plates were incubated at 37°C for 16 h. Colonies were scored as RpoS wild type or attenuated based on their color: red for wild type and light pink or white for attenuated. The presence of an attenuated or wild-type rpoS allele was confirmed by performing an assay for catalase activity; the activity of the stationary-phase-specific catalase, KatE, is dependent on RpoS (36) . Colonies from MacConkey plates were patched onto LB agar plates and grown overnight at 37°C. Catalase activity was scored by assessing the bubbling generated by the O 2 released following the dropwise application of a hydrogen peroxide (30% [wt/vol]) solution. Instant and vigorous bubbling reflected wild-type RpoS activity (24) . Delayed and/or reduced bubbling indicated the presence of an attenuated rpoS mutation.
Competition assays. Competition experiments were performed essentially as described previously (15, 49) . Five-milliliter aliquots of overnight cultures were inoculated from frozen glycerol stocks. These were then subcultured and incubated for 24 h before being mixed for the competitions. For GASP competitions, one set of cultures was incubated for 10 days and then inoculated at a 1:1,000 (vol/vol) dilution into a culture grown for 1 day. Cells in the 10-day-old and 1-day-old cultures carried different markers. The cell densities of the two populations were monitored by serial dilution and plating on LB agar containing nalidixic acid (20 g/ml) or streptomycin (25 g/ml).
RESULTS
Competitions of wild-type and rpoS819 alleles in heat-killed, conditioned medium. We have found that when E. coli cells carrying a wild-type rpoS allele are incubated in LB batch culture, rpoS mutants expressing an attenuated phenotype emerge within a few days of inoculation and have a striking fitness advantage during and following death phase. What is less obvious are the environmental factors that are responsible for this fitness advantage. This question was addressed by competing wild-type E. coli against rpoS819 mutants in heat-killed medium obtained from 10-day-old cultures ( Fig. 1 ). Heatkilled medium consists simply of an aged batch culture that has been incubated at 60°C for 2 h, rendering all cells dead. Following the death phase, nutrients must be derived from the cell debris. Therefore, to approximate conditions found in the medium after death phase, we performed competitions in heatkilled medium, rather than filtered conditioned medium, because a substantial portion of the potential nutrients are lost 1A ).
In two of four competitions the wild-type cells were undetectable by day 7, and in the other competitions the attenuated mutants outnumbered the wild type by more than 600-fold by day 10. Similar results were found using 5-day-old heat-killed medium (data not shown).
Although nutrient availability has a significant impact on the relative fitness of wild-type and rpoS mutant strains, another factor that may affect the relative fitness conferred by these alleles is the alkaline pH of the stationary-phase medium. To determine whether pH plays an important role in the fitness advantage conferred by the rpoS819 mutation in heat-killed medium, we buffered the medium to pH 7 before competing the wild-type and rpoS819 mutant strains. Once again, the rpoS819 allele conferred a competitive advantage (Fig. 1B) . In this case, the fitness advantage was typically little more than a 10-fold advantage (Fig. 1B) . In heat-killed medium that had not been buffered, the competitive fitness advantage of the rpoS819 mutant was greater than 600-fold, suggesting that pH may play a greater role in the outcome of the competitions than does nutrient content under these conditions. There is also a possibility that nutrient content and pH have a synergistic effect on competitive fitness.
Competition of wild-type and rpoS819 strains in basic, neutral, and acidic LB. To further investigate the effect of pH on the fitness advantage conferred to E. coli carrying an rpoS819 allele, competitions were performed in basic, neutral, and acidic LB media. In basic medium, as expected, rpoS819 conferred a significant fitness advantage, just as it does in a culture that is not buffered ( Fig. 2A) . In basic medium, the rpoS819 mutant had a 30-to 380-fold advantage by day 10 ( Fig. 2A) . In neutral medium, the presence of the rpoS819 allele conferred a reduced competitive fitness advantage of 8-to 50-fold (Fig.  2B) . However, in acidic medium, rpoS819 conferred no significant fitness advantage and may have been slightly deleterious (Fig. 2C) . 
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When incubated in monoculture, the attenuated and wildtype strains had identical growth rates and viable cell yields at each pH (data not shown).
RpoS phenotypic diversity during batch culture in basic, neutral, and acidic rich medium. Since rpoS819 alleles are disadvantageous in acidic medium, we speculated that rpoS819 mutants might occasionally revert back to the wild-type phenotype, increase in number, and become detectable during long-term incubation under acidic conditions. To determine the RpoS phenotypes of cells within a culture population during long-term incubation, we employed a -bolA::lacZ promoter fusion whose expression is dependent on RpoS (5). When plated on MacConkey agar, colonies in which the bolA promoter is strongly induced are dark red, indicating the presence of wild-type RpoS. Colonies carrying an rpoS819 allele are pink or white in appearance. Cells were also patched to fresh LB plates and treated with hydrogen peroxide to determine the relative strength of catalase activity using the bubble assay (24) . In every case, catalase activity was high in dark red colonies and low in white or pink colonies (data not shown).
In acidic cultures initially inoculated with E. coli carrying an rpoS819 allele, we found that wild-type revertants were seen as early as day 6 ( Table 2 ). Given that no significant fitness advantage is conferred by either allele under these conditions, it was particularly surprising that no wild-type cells were present after day 7 in culture. In fact, in acidic medium the proportion of the population carrying the wild-type allele peaked on day 7 at 28% and thereafter was undetectable (Table 2 ). In contrast, when acidic LB cultures were inoculated with E. coli carrying the wild-type allele, although rpoS mutants were observed by day 4 the wild-type phenotype was seen in 62% of the population on day 10 ( Table 2) .
We then looked for rpoS reversion during incubation in neutral and basic LB cultures (Table 2) . Even under these conditions, rpoS819 alleles occasionally reverted to the wild type, though at a lower frequency. In all instances, the frequencies of wild-type alleles peaked on day 7, at 10% in neutral medium and 7% in basic medium; thereafter, wild-type cells were undetectable (Table 2) .
We also determined RpoS phenotypes for wild-type cells inoculated into acidic, neutral, and basic cultures. Attenuated RpoS activity was first observed after 3 days of incubation in alkaline medium, 4 days in acidic medium, and 5 days in neutral medium (Table 2) . Although the frequency of the wildtype allele in acidic medium (62%) was double that found in basic medium (30%) on day 10, the wild-type allele frequency was highest in neutral medium (76%) ( Table 2 ). Given the results of the competition experiments, we had expected that the wild-type frequency would be highest in the acidic medium. We also observed a great deal of variability from culture to culture in the alkaline and acidic media ( Table 2) .
Competition between 10-day-old and 1-day-old cultures in basic, neutral, and acidic LB medium. Since pH stress appears to play an important role in manifesting the GASP phenotype conferred by the rpoS819 allele, we wanted to determine how well E. coli cells incubated for 10 days at a particular pH might compete against E. coli cells incubated overnight at that same pH and against overnight cultures grown in unbuffered medium. As expected, E. coli grown in basic medium for 10 days competed very well in cultures that were not buffered (Fig. 3A) and in basic medium (Fig. 3D) . This was not particularly surprising, given that unbuffered LB cultures become basic by the time they reach stationary phase. Somewhat surprising was the fact that cultures grown at neutral pH for 10 days competed well when inoculated as a minority into cultures that were not buffered (Fig. 3B) , as well as in neutral medium (Fig. 3E) . We found that E. coli cells incubated for 10 days under acidic conditions competed well in acidic medium (Fig. 3F ) but competed very poorly in cultures that were not buffered (Fig. 3C) . One notable difference between competitions performed in acidic, neutral, or basic medium is the strength of the competitive fitness advantage of the E. coli cells taken from 10-day-old cultures. The relative competitive fitness of cells from cultures grown for 10 days in basic medium is quite strong, Ͼ1,800-fold by day 10 (Fig. 3D) . The advantage of the 10-day-old cultures grown in neutral medium was reduced (Fig. 3E) to ϳ75-fold, and 10-day-old cultures grown in acidic medium showed significantly smaller increases in fitness (Fig. 3F) , with the older culture still predominant in the population on day 10.
Competition in minimal medium containing Casamino Acids. During stationary phase, one of the primary nutrients available is amino acids derived from dead bacteria (52). As shown above, another important factor affecting the fitness of E. coli in culture is the pH of the medium. In order to directly determine the impact of pH on the fitness advantage conferred by the rpoS819 allele when amino acids are the primary nutrient, we performed competition experiments in minimal medium supplemented with Casamino Acids, buffered to either basic, neutral, or acidic pH. In basic medium, the rpoS819 allele conferred up to a 1,000-fold competitive advantage (Fig.  4A) . This was not surprising given that, during long-term stationary phase, amino acids and small peptides probably provide a substantial portion of the nutrients available and that the medium is basic. In neutral medium, E. coli cells carrying an rpoS819 allele initially had a slight fitness advantage over the wild type, but the advantage was lost by day 10 (Fig. 4B) . In (Fig. 4C) . In monocultures, the rpoS819 and wild-type strains showed equal relative fitness at each pH, as determined by growth rates and viable cell counts (data not shown).
Competition in glucose minimal medium. To determine whether the impact of pH on E. coli carrying an rpoS819 allele was nutrient dependent, we competed rpoS819 mutants against wild type in glucose minimal medium at basic, neutral, or acidic pH (Fig. 5) . In basic glucose minimal medium, the rpoS819 allele conferred a small but consistent fitness advantage (Fig.  5A) . Neither strain had a clear advantage in neutral glucose minimal medium (Fig. 5B) . In acidic glucose minimal medium, wild-type cells initially had a significant competitive fitness advantage of approximately 100-fold, but much of that advantage was lost by day 10 (Fig. 5C ). For the most part, the wild-type advantage in acidic glucose minimal medium appeared to be conferred by a lower rate of death, while in basic medium the rpoS819 allele conferred a consistent competitive fitness advantage. In monocultures, no difference in growth or survival was observed between the wild type and attenuated mutant strains (data not shown).
FIG. 3. pH determines the strength of the GASP phenotype. Wild-type strain ZK1143 was incubated for 10 days in LB buffered at pH 9 (A and D), pH 7 (B and E), or pH 5 (C and F). Aliquots of these cells were then inoculated as a minority (dashed lines) into 1-day-old cultures of ZK1142 (solid lines) grown in unbuffered LB (A to C) or in LB buffered at pH 9 (D), pH 7 (E), or pH 5 (F). Competitions in which markers

DISCUSSION
E. coli is found in numerous niches, under varying, often rapidly changing conditions of nutrient availability, pH, osmolarity, oxidative stress, and temperature. To survive under a variety of environmental conditions, bacteria must be able to adapt quickly to alterations in any combination of these factors. E. coli has a number of stress response mechanisms that allow it to adapt to sublethal changes in the environment, but extended exposure to a new environment will result in selective pressure favoring specific new alleles that confer a fitness advantage in the new environment.
Given the relatively short generation time and the large populations that can be maintained under laboratory conditions, it is possible to study, in a limited way, the dynamics of genetic adaptation to a changing environment. For instance, in LB batch culture, two significant changes occur in the medium during stationary phase that may play important roles in the precipitous loss of viability that follows: the depletion of readily available nutrients and an increase in medium pH.
It has been well documented that in long-term batch culture E. coli rapidly adapts to a changing environment (13, 15, 48, 49, 52, 53) . As these cultures age, changes in population density, nutrient availability, and pH place the bacteria under significant selective pressure. Therefore, it is not surprising that E. coli cells taken from 10-day-old cultures out-compete those from overnight cultures, and those from 20-day-old cultures out-compete those from 10-day-old cultures (15, 48, 49 ). An early adaptation commonly selected for under these conditions is a mutation in rpoS that results in an attenuation of RpoS activity (48, 49) . RpoS is an important regulator of stationaryphase gene expression and also plays a key role in the E. coli general stress response (21, 22) .
While RpoS phenotypes are known to be diverse on day 10 in an LB batch culture, phenotypic diversity and variability prior to day 10, during early stationary phase and the first few days in long-term stationary phase, had not been quantitated. Under other culture conditions, sweeps of new alleles that confer a particularly strong fitness advantage have been observed. For instance, in chemostats containing minimal glucose medium at neutral pH, rpoS null mutations quickly take over the population (32) . However, when the medium is maintained at acidic pH a sweep does not occur. One possible explanation for this difference is the fact that the cells must adapt to two conflicting stresses. Since glucose scavenging is regulated by RpoD, it seems plausible that the elimination of RpoS activity may reduce competition with RpoD for the core RNA polymerase, allowing a higher level of expression of those genes involved in glucose scavenging. However, in acidic medium, the stress response requires wild-type RpoS activity. The result may be that some cells that survive are better adapted to acid stress and others are better adapted to nutrient stress. Each cell must balance its need to secure nutrients with its need to resist acid stress, and there are probably multiple ways to balance these needs that result in equal fitness.
While cells that have attenuated RpoS activity do not entirely sweep an LB batch culture, they usually have a clear fitness advantage during the first 10 days of incubation. We have found that pH plays a particularly important role in determining the rpoS allele that confers a fitness advantage. In LB batch culture and in basic minimal medium containing either Casamino Acids or glucose, the advantage of the rpoS819 allele first manifests itself during death phase when selective pressures, such as alkaline pH and a dramatic change in the profile of available nutrients, may be greatest. In acidic medium, the wild-type allele confers a significant fitness advantage. Considering the clear advantage that the wild-type allele confers in acidic medium, it is surprising that when acidic LB is inoculated with E. coli cells carrying the wild-type allele, after 6 days of incubation a significant portion of the culture carries an rpoS allele that results in attenuated activity. In addition, the variability from culture to culture in the proportion of the cells having wild-type RpoS activity is quite dramatic in acidic media. A similar, though less dramatic, variability is seen between the alkaline cultures, while little variability is seen in the neutral cultures. Perhaps the degree of variability from culture to culture is dependent on the number of stresses present and the degree to which those stresses are in conflict. It has recently been shown that mutagenesis in aging colonies is strongest where selective pressures are most diverse (4) . Perhaps this higher mutation rate, along with the probability that conflicting stresses can be adapted to in a number of ways that render equal fitness, explains the difference in variability found between the neutral and acidic cultures. Although rpoS819 confers a significant fitness advantage in heat-killed medium obtained from aged LB batch cultures, the fitness advantage decreases significantly when this medium is buffered to neutral pH. In fact, the advantage conferred by rpoS819 at neutral pH appears to be limited exclusively to exponential growth in heat-killed medium, and it is probably due to its more efficient catabolism of the available nutrients. However, in heat-killed medium that is not buffered, rpoS819 continues to confer a fitness advantage in stationary phase that ultimately results in wild-type cells being undetectable. Thus, although an advantage is conferred by rpoS819 when the nutrients available are derived from LB batch cultures that have passed through death phase, it is the additional stress caused by the alkaline pH of the medium that has the greater impact. This is supported by the fact that rpoS819 also confers a fitness advantage in glucose minimal medium at alkaline pH.
The question arises as to the conditions that render a fitness advantage to cells expressing wild-type RpoS. While rpoS819 is advantageous for catabolizing amino acids in basic medium, we found that in acidic minimal medium containing Casamino Acids, rpoS ϩ E. coli cells have a competitive advantage. This is not surprising, given the importance of RpoS for acid resistance (6, 16, 38) . It is interesting that while wild-type cells are only slightly affected by a short exposure to a severe acid stress in LB (pH 2.5 for 2 h), the same stress is lethal to a strain having attenuated RpoS activity (44) . In acidic glucose minimal medium, the wild type has a small fitness advantage over the attenuated strain. It may be that E. coli acid resistance systems work less efficiently in acidic media containing glucose than in LB or in media containing Casamino Acids. The RpoSdependent acid resistance system is repressed by glucose (6), and two other acid resistance systems require amino acids, either glutamate or arginine, to be activated (23, 25, 26) . In addition, rpoS mutants are known to scavenge glucose more efficiently than wild-type cells (11) .
Our results also suggest that E. coli populations increase their relative competitive fitness more slowly in neutral and acidic environments than under basic conditions. This is not surprising, since E. coli is often exposed to acidic and neutral conditions in natural environments and, therefore, may already be well-adapted to this pH range. In the stomach, E. coli must survive high levels of inorganic acid and both inorganic and organic acids in the small intestine. In the stomach of a healthy human who fasts, the pH is typically about 2.0 (43) . Under acidic conditions, the need to maintain cytoplasmic pH homeostasis may be mitigated by the pH gradient that exists across the cytoplasmic membrane serving as a source of energy, decreasing the fitness load caused by limited nutrient availability (19) . In neutral medium, there is no need to actively maintain cytoplasmic pH, relieving a significant stress that is found in a basic environment (37) . Since a population should adapt to the conditions under which it is aged, we expected that E. coli incubated at one pH would compete less well at another. However, cells aged in neutral media adapt to nutrient availability and so, since the 1-day-old cultures have not adapted to either pH or nutrient availability, it is reasonable that these aged cells would out-compete 1-day-old cells.
Since wild-type cells have a competitive advantage in acidic LB, we wanted to determine whether occasional revertants might increase in number and become detectable during longterm incubation in this medium. In acidic LB medium inoculated with E. coli cells carrying rpoS819, we observed wild-type revertants within 6 days in culture. We also observed revertants in basic and neutral pH cultures, although at much lower frequencies. However, under all conditions tested, the wildtype revertants that emerged in the cultures were ultimately lost. Since rpoS819 renders a strong fitness advantage under basic conditions, the revertants observed in alkaline medium were unexpected. The fact that revertants were only observed on days 6 and 7 suggests that the fitness advantage conferred by the wild-type allele is limited to, or at least most potent, during early long-term stationary phase. It is interesting that a burst of synthesis of Dps, a gene regulated by RpoS during stationary phase, peaks on day 6 to 7 during long-term stationary-phase incubation (S. Nair and S. E. Finkel, unpublished data).
It has been observed that some, but not all, E. coli isolates have attenuated RpoS activity after 10 days of incubation in LB batch culture (49) . However, this diversity in RpoS phenotypes has not been quantitated over the course of a 10-day incubation. In addition, the effect of pH on this diversity has not been addressed. Therefore, we inoculated acidic, basic, and neutral LB cultures and then determined the proportion of cells having attenuated RpoS activity on each day for 10 days. We first observed cells having an attenuated RpoS activity on day 3 in basic medium, day 4 in acidic medium, and day 5 in neutral medium. Although the proportion of cells having the wild-type phenotype in acidic medium was double that found in basic medium on day 10, the highest proportion was found in neutral medium. Given the results of the competition experiments, we had expected that the wild-type frequency would be highest in the acidic medium. The detrimental effect of the wild-type RpoS phenotype on scavenging nutrients may explain the discrepancy between our expectations and the results that were obtained. These experiments were done in triplicate at each pH, and a great deal of variability was observed from culture to culture in the alkaline and acidic media, but little in the neutral medium. The presence of multiple stresses in the acidic and basic cultures may be the cause of this difference in variability.
Although RpoS regulates the E. coli response to low nutrient conditions and to a variety of other stresses (20) (21) (22) , other sigma factors play important roles in stress responses as well (20) . RpoE functions overlap those of RpoS, adding a degree of flexibility to the regulation of the general stress response (42) . When E. coli is exposed to multiple stresses, competition among sigma factors for access to RNA polymerase may determine how strongly various regulons are expressed (20) . For example, RpoD induces the expression of many important stress defense genes during stationary phase, including uspA (10) . uspA encodes an integral membrane protein that is one of the most abundant proteins found in stationary-phase cells. This gene is expressed in response to growth arrest and can be superinduced by increased RpoD binding to RNA polymerase in an rpoS null mutant (10) . In general, decreased levels of RpoS lead to the superinduction of RpoD-dependent stationary-phase-inducible genes, suggesting that these two proteins compete for RNA polymerase and for access to promoters. An rpoS-activated gene, uspB, which causes cell death when expressed at high levels, lies immediately upstream of uspA and also encodes an integral membrane protein. Perhaps cells having an attenuated RpoS activity express lower levels of this protein, which may confer a fitness advantage to them during death phase in alkaline medium. In a similar vein, it has been suggested that the RpoS-regulated entericidin locus plays a role in programmed cell death (3) . It has also been suggested that senescence plays a major role in cell death, but this does not explain the long-term survival of E. coli populations of greater than 10 6 CFU/ml that follows the rapid loss of viability during the death phase (12) .
RpoN activates the transcription of genes that are needed to efficiently assimilate ammonia and to facilitate the uptake of amino acids, especially glutamine (34, 51) . During stationary phase, a large portion of the nutrients available are in the form of amino acids and peptides, making it possible that RpoN also plays an important regulatory role during this time. During stationary phase, RpoN also activates the psp operon, which has been shown to protect cells from alkaline stress (31, 46) .
There are RpoS-induced genes that are required for competitive fitness during stationary phase. In fact, rpoS null mutants are quickly out-competed by wild-type cells during longterm stationary-phase incubation (M. J. Farrell and S. E. Finkel, unpublished data). Two RpoS-regulated genes that are known to be required for either competitive fitness or survival in stationary phase are dps and nhaA (1, 9, 28) . dps encodes a nonspecific DNA binding protein involved in protecting the cell from many stresses (1, 50) . nhaA encodes a Na ϩ /H ϩ antiporter that is essential for survival in alkaline media (33) . Expression of nhaA is induced by nhaR, which stimulates RpoD binding to the nhaA promoter (9) . In alkaline environments up to pH 7.9, this antiporter helps maintain pH homeostasis (33, 37) . Since nhaA expression can also be driven by RpoD, any decreased expression of nhaA due to attenuated RpoS activity can be compensated for. This type of dual regulation may be crucial for allowing E. coli to adapt to a wide range of environments.
Since a number of sigma factors are expressed during stationary phase and many genes are regulated by multiple promoters, sigma factors must compete both for access to RNA polymerase and to these promoters. The diversity of rpoS alleles found in LB batch cultures suggests that the activities of various sigma factors can be modulated in a variety of ways to efficiently promote protection from conflicting stresses that arise during stationary phase. The phenotypic diversity we observed in batch culture correlates well with the heterogeneity of rpoS alleles of E. coli and Salmonella found in natural, laboratory, and clinical environments, implying that the shifting, sometimes conflicting stresses found in many environments often lead to the emergence of rpoS mutants in many populations via natural selection (2, 35, 40, 41, 45, 47, 49) . Furthermore, the fact that both wild-type and attenuated rpoS alleles are found in clinical and other natural settings suggests that the LB batch culture model mirrors important aspects of the evolution of bacteria in nature.
